Metabarcoding of environmental DNA (eDNA) and DNA extracted from bulk specimen samples is a powerful tool in studies of biodiversity, diet and ecological interactions as its inherent labelling of amplicons allows sequencing of taxonomically informative genetic markers from many samples in parallel. However, the occurrence of so-called 'tag-jumps' can cause incorrect assignment of sequences to samples and artificially inflate diversity. Two steps during library preparation of pools of 5' nucleotide-tagged amplicons have been suggested to cause tag-jumps; i) T4 DNA polymerase blunt-ending in the end-repair step and ii) post-ligation PCR amplification of amplicon libraries.
Introduction
Metabarcoding of DNA extracted from environmental and community samples has become a valuable tool in studies on biodiversity, diet and ecological interactions (e.g. Taberlet et al. 2012; Bohmann et al. 2014; Alberdi et al. 2018) . Metabarcoding relies on PCR amplification with metabarcoding primers targeting a taxonomically informative marker within a selected taxonomic group . The basis of metabarcoding is the addition of sample-specific nucleotide identifiers to amplicons and the use of these to assign metabarcoding sequences back to the samples from which they originated. An often used approach to achieve this is a tagged PCR approach in which sample DNA template is amplified with metabarcoding primers carrying 5' nucleotide tags of typically 6-10 nucleotides in length (first demonstrated by Binladen et al. 2007 ) . Subsequently, differently tagged amplicons are pooled and built into sequencing libraries for the chosen sequencing platform. This allows for the taxonomic content of many samples to be sequenced in parallel on high-throughput sequencing platforms (e.g. Valentini et al. 2009; Bohmann et al. 2011; Shehzad et al. 2012) .
The effectiveness of metabarcoding relies on the ability to correctly track tagged amplicons back to the samples from which they originated. However, amplicon sequences carrying false combinations of used nucleotide tags, so-called tag-jumps, have been reported both on the Roche/454 sequencing platform (Rakel Blaalid et al. 2013; Carew et al. 2013; Lindner et al. 2013; Davey et al. 2013; Davey, Kauserud, and Ohlson 2014; Botnen et al. 2014 ; R. Blaalid et al. 2014 ) and on the Illumina sequencing platform (Esling, Lejzerowicz, and Pawlowski 2015; Schnell, Bohmann, and Gilbert 2015) where up to 28.2% misassigned unique sequences have been identified (Esling, Lejzerowicz, and Pawlowski 2015) . Such tag-jumps may introduce significant levels of incorrect assignments of sequences to samples, leading to false positives and artificial inflation of diversity in the samples, much to the detriment of metabarcoding studies (Schnell, Bohmann, and Gilbert 2015; Esling, Lejzerowicz, and Pawlowski 2015) . Tag-jumps can be accounted for in the experimental setup through twin-tagging of amplicons, i.e. using forward and reverse primers carrying matching tags, F1-R1, F2-R2, etc. (Schnell, Bohmann, and Gilbert 2015) .
However, this greatly increases both cost and workload of metabarcoding studies as a higher number of differently tagged primers and library preparations are needed, which ultimately restricts sample throughput (Schnell, Bohmann, and Gilbert 2015) . Further, although tag-jumps can be identified through such a setup, a proportion of the sequencing output will be wasted on the reads carrying tag jumps. Thereby, the tag-jumps ultimately adds to the sequencing cost of correctly assigned reads.
Tag-jumps have been suggested to occur in two steps during library preparation of pools of tagged amplicons: i) when using T4 DNA Polymerase for blunt-ending prior to ligation of sequencing adapters and ii) as a consequence of chimera formation during post-ligation PCR (van Orsouw et al., 2007; Esling et al., 2015; Schnell et al., 2015; Palkopoulou et al., 2016) . The T4 DNA Polymerase is a 3'→5' exonuclease possessive enzyme (Rittié and Perbal 2008) . When tagged amplicons are pooled prior to library preparation, semi-complementary single strands 2/20 of amplicons carrying different tags can hybridize along the complementary parts (the metabarcoding marker and primer regions), keeping the terminal nucleotide tags as single-stranded overhangs (Figure 1 ). Of these, the 3' overhangs become substrate for the 3'→5' exonuclease activity of T4 DNA Polymerase, and the enzyme will degrade the un-matching nucleotide tag at the 3' end. The opposite strand, the 5' overhangs (i.e. the inherent tag), will then act as a template for extension, causing the tag to 'jump' from one strand to the other (van Orsouw et al. 2007; Schnell, Bohmann, and Gilbert 2015) . Van Orsouw et al. (2007) reduced the occurrence of tag-jumps by using tagged primers with a 5'-phosphate and omitting the blunt-ending step during library preparation for the 454 FLX platform. The effect of completely excluding post-ligation PCR amplification of pools of tagged amplicons has to our knowledge not been investigated.
Today, the most popular high-throughput sequencing platform for metabarcoding is the Illumina series due to its wide availability, high-throughput, and relatively low error rates and long paired-end reads (www.illumina.com, applied in e.g. Shehzad et al. 2012; Quéméré et al. 2013; Hope et al. 2014; Elbrecht et al. 2017; Stoeck et al. 2018; Singer et al. 2019 ) . PCR-free library preparation protocols that circumvent the post-ligation PCR enrichment step, and thereby between-sample chimeras, have been developed for Illumina sequencing (e.g. Kozarewa et al. 2009 ) and embodied in commercial kits, such as Illumina TruSeq (applied in e.g. -Perret-Gentil et al. 2017 ) . However, these protocols or commercial kits were originally designed for library preparation for shotgun sequencing and therefore include a blunt-ending step to repair fragmented DNA with overhangs in preparation for adapter ligation (e.g. Kozarewa et al. 2009; Neiman et al. 2012; Carøe et al. 2018; Zheng et al. 2010; Bentley et al. 2008; Margulies et al. 2005) . Therefore, while these protocols will eliminate tag-jumps caused by chimera formation between tagged amplicons during library-PCR amplification, they will not eliminate those caused by T4 DNA Polymerase or similar activity (van Orsouw et al. 2007; Palkopoulou et al. 2016 ) .
Apothéloz
The current recommendation for metabarcoding with nucleotide-tagged primers is to account for tag-jumps by only using primers carrying twin-tags to ensure that tag-jumps cannot result in false assignments of sequences to samples. As mentioned above, this greatly increases both cost and workload of metabarcoding studies, which ultimately restricts sample throughput (Schnell, Bohmann, and Gilbert 2015) . There is therefore a great need for a metabarcoding library preparation protocol, which circumvents the two steps that cause tag-jumps.
In this study, we present and validate 'Tagsteady', a virtually tag-jump free library preparation protocol for Illumina sequencing of pools of tagged amplicons. The Tagsteady protocol is developed as a single-tube library preparation protocol, circumventing both the use of T4 DNA Polymerase in the end-repair step and the post-ligation PCR amplification step. To document the functioning of the Tagsteady protocol and assess how T4 DNA Polymerase blunt-ending and post-ligation PCR affect the prevalence of tag-jumps, we carried out four library preparation protocol treatments on six pools of twin-tagged amplicons. The four library protocol treatments represent combinations with and without T4 DNA Polymerase blunt-ending and with and without post-ligation PCR ( Figure 2 ). Moreover, to assess whether the Tagsteady protocol can withstand high proportions of single-stranded amplicons, we applied it to a set of denatured and re-hybridised amplicon pools. Finally, to validate the robustness 3/20 and stability of the Tagsteady protocol, we use it to build libraries of a further 15 pools of twin-tagged amplicons ( Figure 2 ).
Materials and methods

Design of end-repair and adapter ligation steps
To assess the effect of blunt-ending, we formulated two PCR-free library protocols, mainly differing in the addition of T4 DNA Polymerase and its ability to digest 3' overhangs and perform blunt-ending. The two protocols only differed in the reagents and enzymes found in the end-repair reaction, i.e. they had identical ligation steps ( Figure   1 ).
The first protocol (hereafter referred to as '+') included a blunt-ending step in the end-repair ( Figure 1 ).
Normally, end-repair for fragmented DNA for PCR-free Illumina library building is dependent on three enzymatic activities, namely 5' phosphorylation, blunt-ending (by 3' overhang digestion and 5' overhang fill-in) and 3' adenylation (Kozarewa et al. 2009 ). Similar to recent protocols, we formulated this as a so-called 'single-tube' protocol, in which T4 Polynucleotide Kinase (T4 PNK) is used for 5' phosphorylation, T4 DNA Polymerase for blunt-ending (filling in 3' recessed ends and degrading 3' overhangs) and finally Taq DNA Polymerase for 3' adenylation through its deoxynucleotidyl transferase activity. The single-tube design relies on using heat-inactivation of the enzymes rather than purification prior to the ligation of sequencing adapters (Rittié and Perbal 2008; Carøe et al. 2018; Neiman et al. 2012) .
We designed the second protocol (hereafter referred to as '-') explicitly for library preparation of 5' tagged amplicons and to test the effect of omission of T4 DNA Polymerase blunt-ending on the prevalence of tag-jumps ( Figure 1 ). In the development of the end-repair step in the second protocol, we took advantage of the fact that amplicons are double-stranded DNA molecules that either have blunt ends or when using a Taq polymerase for the PCR, possess a 3' adenine overhang (Rittié and Perbal 2008) . As we, and many others, use Taq DNA polymerase in our metabarcoding PCR amplifications, we mainly based the Tagsteady end-repair on the 5' phosphorylation activity of T4 PNK. However, to further enable 3' adenylation of partially adenylated amplicons or blunt-end amplicons (depending on the type of polymerase used in the metabarcoding PCR), we also included Klenow Fragment 3'→5' exo-and dATP in the Tagsteady end-repair step. We designed the Tagsteady protocol as a single-tube protocol by replacing purification with heat-inactivation prior to adapter ligation.
To circumvent the post-ligation PCR (often needed for enrichment and to index the libraries with indexed primers, see e.g. Meyer & Kircher (2010) , we designed Illumina full-length Y-adapters (Kozarewa et al. 2009 ) with 3' dT overhangs (facing insert) and dual matching indices, i.e. p5-p7: 1-1, 2-2, etc. to ensure that library bleeding on the flow-cell did not cause false assignment of sequences to libraries (Sinha et al. 2017; Kircher, Sawyer, and Meyer 2012) . The indices were 7 nucleotides in length with a minimum of three mismatches between them (Supplementary information S1).
Experimental design
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To validate the Tagsteady protocol and assess the effect of T4 DNA Polymerase blunt-ending and post-ligation PCR on the prevalence of tag-jumps, we performed library preparation on six pools of twin-tagged amplicons with four different treatments representing combinations of the two PCR-free library preparation protocols mentioned above and with and without post-ligation PCR; i) a library protocol with blunt-ending and with a post-ligation PCR (referred to as '+/+'), ii) no blunt-ending (-) and with post-ligation PCR (referred to as '-/+'), iii) with blunt-ending and no post-ligation PCR (referred to as '+/-'), and iv) the Tagsteady protocol, i.e. no blunt-ending (-) and no post-ligation PCR (referred to as -/-) ( Fig. 2 ; Supplementary Information Table S2 ). Further, to assess whether the Tagsteady protocol can withstand high levels of single-stranded amplicons generated in the metabarcoding PCR, we denatured and re-hybridized aliquots of four of the amplicon pools and subjecting them to the Tagsteady protocol (-/-) and the '+/-' library protocol with blunt-ending and no post-ligation PCR. These are denoted D-/-and D+/-, respectively, with the D indicating the denaturing treatment. Finally, we validated the Tagsteady protocol (-/-) on 15 pools of twin-tagged amplicons.
Pools of tagged amplicons
We used six pools of 5' nucleotide-tagged amplicons from two metabarcoding studies: metabarcoding of metazoan and vertebrate DNA in vampire bat gut contents ) and of insect DNA in bat faecal extracts (unpublished). Importantly, each PCR amplification was carried out with twin-tags (F1-R1, F2-R2, etc.) to ensure tag-jump events could be identified. The six pools of tagged amplicons used in this study included: i) two pools of tagged amplicons from vampire bat gut contents, consisting of amplicons generated through PCR amplification with mammal mitochondrial 16s rRNA primers (16smam1/16smam2, from here on referred to as '16sMam'), amplifying a ca. 95 bp fragment excluding primers (Taylor 1996) , ii) two pools of tagged amplicons from vampire bat gut contents, PCR amplified with metazoan COI primers (mlCOIintF/jgHCO2198, from here on referred to as 'COI'), amplifying 313 bp fragment of the COI barcode region excluding primers (Geller et al. 2013; Leray et al. 2013; Bohmann et al. 2018) , and iii) two pools of tagged amplicons from insect-eating bat faecal droppings, PCR amplified with insect mitochondrial 16sRNA primers (Ins16s_1shortF /Ins16s_1shortR, from here on referred to as '16sIns'), amplifying a ca. 190 bp fragment (excluding primers) (Clarke et al. 2014; Elbrecht et al. 2016) .
Metabarcoding primers were tagged by adding nucleotides at the 5' ends (Binladen et al. 2007 ) . The 16sMam primers carried 5' nucleotide tags that were 7-8 bp long (see Bohmann et al. 2018) . The COI and 16sIns primers carried 5' nucleotide tags of 7-8 nucleotides in length of which 6 nucleotides were the actual tag and 1-2 nucleotides were added to increase complexity on the flow-cell (De Barba et al. 2014) . For the 16sIns, these additional nucleotides were specified, while for the COI they were ordered as random nucleotides. Tags were designed to have a minimum of 3 nucleotide mismatches between any pair of tags. Each of the three primer sets consisted of 60 tagged forward and 60 tagged reverse primers.
All PCRs were set up in a dedicated pre-PCR laboratory with positive air pressure to minimize risk of contamination. PCR amplifications and post-PCR laboratory steps, including library preparations, were carried out 5/20 in a dedicated post-PCR laboratory. In all laboratories, handling of reagents, samples, DNA extracts, PCR products and sequence libraries was performed in laminar flow hoods.
Prior to metabarcoding PCRs, for all three primer sets quantitative PCR was carried out to optimise metabarcoding PCR conditions and assess negative extraction controls as described in Bohmann et al. (2018) . The 16sIns PCRs were carried out in 25 µl reactions containing 1 µl template DNA, 1 U AmpliTaq Gold, 1x Gold PCR Buffer and 2.5 mM MgCl 2 (all from Applied Biosystems), 0.2 mM dNTP mix (Invitrogen), 0.5 mg/ml BSA, 0.6 µM of each 5' nucleotide-tagged forward and reverse primer. PCR conditions for 16sIns were as follows: 95°C for 10 minutes, 35 cycles of 95°C for 15 seconds, 54°C for 30 seconds and 72°C for 30 seconds and a seven minutes final extension at 72°C. PCR setup and conditions for the 16sMam and COI primer sets can be found in Bohmann et al. (2018) . For all three primer sets, a negative PCR control was included for every seven samples. PCR products were visualised on 2% agarose gels. Negative controls did not show identifiable amplification. PCR products were pooled at approximately equimolar ratios determined by gel band strength. Negative controls were added in the same volume as sample extracts showing the weakest bands. The six amplicon pools each contained 45-49 twin-tagged PCR products of which 38-44 were from samples, one from positive controls and 3-7 from negative controls.
Following pooling, the amplicon pools were purified using 1.8x SPRI bead solution prepared following Rohland & Reich (2012) , see Faircloth and Glenn (2014) . Briefly, 1.8x SPRI bead solution was added to each amplicon pool, mixed by vortexing and incubated at room temperature for ten minutes. Subsequently, the beads were pelleted with a magnet and washed twice with 80% ethanol and air dried for five minutes before DNA was eluted in EB buffer (Qiagen). Purified amplicon pools were quantified using a Qubit Fluorometer (Invitrogen) using HS reagents.
The amount of moles within each amplicon library was calculated based on Qubit measurements and amplicon length (incl. primers and nucleotide tags).
To mimic the effect of large amounts of single-stranded DNA generated in the metabarcoding PCR, we denatured aliquots of four of the aforementioned amplicon pools (two 16sMam and two 16sIns amplicon pools) and subsequently re-hybridized these to form double-stranded DNA. This was done in 50 µl reactions in 0.2 ml PCR tubes in a thermocycler in which we denatured for two minutes at 95°C followed by cooling down to room temperature over 20 minutes. Each of the four denatured pools were then subjected to the two library protocol treatments without post-ligation PCR; D-/-and D+/-.
To validate the stability of the Tagsteady protocol (-/-), we further used it to build libraries on 15 pools of twin-tagged amplicons generated with the insect mitochondrial 16sRNA primers (16sIns) mentioned above. The 15 amplicon pools each consisted of 34-49 twin-tagged PCR products of which 29-44 were from samples, 1-2 from positive controls and 3-4 from negative controls.
Library preparation
For each library reaction, 2 pmol purified amplicon pool was adjusted to 30 μl with molecular grade water just prior to library build. In addition, for each of the four library protocol treatments, two negative library controls were included in which 30 μl molecular grade water replaced the amplicon template. During each step, reagents 6/20 were kept on ice and reactions were set up on ice blocks. All library incubations were performed in 0.5 ml Lobind Eppendorf tubes in an Applied Biosystems 2720 thermal cycler.
End-repair without T4 DNA Polymerase: for treatments -/+ and -/-, an end-repair mastermix was made by combining 4 μl T4 DNA ligase reaction buffer (New England Biolabs, NEB, Ipswich, Massachusetts, US), 0.5 μl dATP (10mM) (Thermo-Fisher), 2 μl reaction booster mix (consisting of 25 % PEG-4000 (Sigma Aldrich, 50%), 2 mg/ml BSA (Thermo-Fisher) and 400 mM NaCl) (Mak et al. 2017) , 2 μl T4 PNK (NEB, cat#M0201S, 10 U/μl) and 1.5 μl Klenow Fragment (3'->5' exo-) (NEB, cat#M0212S, 5 U/μl) per amplicon pool reaction. Ten μl of this mastermix was then added to each 30 μl amplicon pool, mixed well by pipetting and incubated for 30 minutes at 37°C followed by 30 minutes at 65°C and finally cooled to 4°C. No purification of the end-repair reactions was performed prior to ligation.
End-repair with T4 DNA Polymerase: for the treatments +/-and +/+, an end-repair mastermix was made by combining 4 μl T4 DNA Ligase Reaction Buffer (NEB), 0.5 μl dNTP (10mM) (Thermo-Fisher), 2 μl reaction booster mix (25% PEG-4000 (Sigma Aldrich, 50%), 2 mg/ml BSA (Thermo-Fisher) and 400 mM NaCl), 2 μl T4 PNK (NEB, cat#M0201S, 10 U/μl), 1.5 μl T4 DNA Polymerase (NEB, cat#M0203S, 3 U/μl) and 0.1 μl Taq DNA Polymerase (NEB, cat#M0273S, 5 U/μl). 10.1 μl of this mastermix was added to each of the 30 μl amplicon pools and incubated for 30 minutes at 20°C followed by 30 minutes at 65°C and finally cooled to 4°C.
Adapter ligation: All four treatments included the following adapter ligation protocol: 2 μl (20 μM) dual-index p5-p7 adapter mix (Supplementary Information S1) was added to each end-repaired amplicon pool, reaching a total volume of 42 μl for treatments -/+ and -/-and 42.1 μl for +/-and +/+. Each adapter mix contained unique p5/p7 matching indices to account for potential bleeding on the flow cell. Reactions were mixed well by pipetting the entire volume 10 times. A ligation mastermix was made consisting of 1 μl T4 DNA Ligase (NEB, cat#M0202S, 400 U/μl), 1 μl of T4 DNA ligase buffer (10x stock) and 6 μl of PEG-4000 (Sigma Aldrich, 50%) per amplicon pool reaction. Eight μl of this ligation mastermix was then added to each reaction for a final reaction volume of 50 μl and mixed well by pipetting. Ligation reactions were incubated for 20 minutes at 20°C followed by 10 minutes at 65°C to heat inactivate the enzyme, before cooling to 4°C. Libraries were purified with 1x volume of SPRIbeads as previously described and eluted in 30 μl EB buffer (Qiagen).
Post-ligation PCR
To assess the effect of post-ligation PCR amplification on the amount of tag-jumps, two of the library protocol treatments included PCR amplification using IS7 and IS8 primers targeting the terminal 3' end of the Illumina adapters (Meyer and Kircher 2010) . Each PCR was carried out in 50 μl reactions with 2.5 μl of library template and final concentrations of 1x AmpliTaq Gold buffer II, 2.5 mM MgCl 2 , and 0.04 U/μl Amplitaq Gold polymerase (Thermo-Fisher, cat#N8080241), 0.25 mM dNTP (Thermo-Fisher), 0.8 mg/ml BSA (Thermo-Fisher) and 0.4 μM forward/reverse primer. PCR conditions were 95°C for 10 minutes, followed by 12 cycles of 95°C for 30 seconds, 60°C for 40 seconds and 72°C for 60 seconds followed by a final extension of 7 minutes at 72°C. PCR amplifications 7/20 were performed on an Applied Biosystems 2720 thermal cycler. Amplified libraries were purified with 1x volume of SPRIbeads as described above and eluted in 30 μl EB buffer (Qiagen).
Quantification of libraries and sequencing
Indexed libraries were quantified using quantitative PCR, qPCR, on an Agilent mx3005p instrument using New England Biolabs NEBNext® Library Quant Kit for Illumina (NEB, cat#E7630S) . For each amplicon library, quantifications were done on two 1:10,000 library dilution replicates, each consisting of 10 μl reactions with 2 μl template and otherwise run according to the manufacturer's protocol. Indexed amplicon libraries originating from each of the three metabarcoding primer sets (16sMam, COI and Ins16s) were pooled together in equimolar ratio resulting in three sequencing pools. 
Results
Effect of T4 DNA Polymerase blunt-ending and post-ligation PCR on tag-jump levels
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To assess the amount of tag-jumps in the amplicon libraries created with the four library protocol treatments, within each library we calculated proportions of sequences carrying new combinations of used tags (tag-jumps). There was a significant effect of post-ligation PCR on tag-jump prevalence for both treatments with and without T4 DNA Polymerase blunt-ending. Libraries generated without T4 DNA Polymerase blunt-ending and including the post-ligation PCR step (-/+) had on average 22.7% of total sequences carrying new combinations of used tags (tag-jumps), which was significantly more than the Tagsteady protocol (-/-), which had on average 0.4% of total sequences carrying new combinations of used tags (unpaired t-test, p=0.03996) (Figure 3 ; Table S3 ). For the treatments with T4 DNA Polymerase blunt-ending, post-ligation PCR also resulted in a significantly higher amount of tag-jumps (+/+) (22.7%, unpaired t-test, P=0.0186) ( Figure 3 ; Table S3 ).
Blunt-ending had little effect on the amount of tag-jumps (Figure 3 ). This led us to speculate that certain conditions in the metabarcoding PCR act as a prerequisite for tag-jumps. Specifically, if certain factors cause increased single-stranded DNA levels (e.g. difference in primer efficiency between forward and reverse primer or depletion of one primer during PCR amplification), this would cause more differently tagged single-stranded amplicons to form hybrids following pooling of amplicons. Consequently, this would result in more tag-jumps caused by the T4 DNA Polymerase.
Effect of single-stranded amplicons on amount of tag-jumps
To test the hypothesis that T4 DNA Polymerase blunt-ending leads to increased tag-jump prevalence if it is carried out on amplicon pools with high amounts of hybrids of differently tagged single-stranded amplicons, we mimicked such a scenario by denaturing and re-hybridizing pools of tagged amplicons. Subsequently, we subjected them to the two library protocol treatments without post-ligation PCR: the library protocol treatment with T4 DNA Polymerase blunt-ending and without post-ligation PCR (+/-) and the Tagsteady library protocol (without T4 DNA Polymerase blunt-ending and without post-ligation PCR, -/-). Libraries built with T4 DNA Polymerase blunt-ending (+/-) had on average 76.99% (SD: 6.55) of total sequences carrying new combinations of used tags (tag-jumps) ( Figure 3 ; Table S3 ). In contrast, libraries built with the Tagsteady protocol (-/-) had significantly lower amounts with an average of only 0.19% (SD: 0.13) of total sequences carrying new combinations of used tags (tag-jumps) (unpaired t-test, p-value = 0.0001692) ( Figure 3 ; Table S3 ). This demonstrates that if a large amount of single-stranded DNA should be produced during the metabarcoding PCR, then tag-jump amounts can be high in the resulting data if end-repair is performed using blunt-ending. Moreover, it demonstrates that the Tagsteady protocol is able to cope with such a scenario.
Validating the Tagsteady protocol
To validate the stability and robustness of the Tagsteady protocol, we used it to prepare libraries on 15 pools of twin-tagged amplicons. Across these amplicon libraries, the average number of sequences carrying new combinations of used tags (tag-jumps) was 0.25% (SD: 0.13) (Table 1) . Overall, in this study, we carried out sequencing of 25 amplicon pools built into libraries using the Tagsteady protocol. The amplicon pools represented 9/20 amplicons created with different metabarcoding primer sets and both denatured and undenatured amplicon pools.
Across all of these amplicon libraries generated with the Tagsteady protocol, an average of 99.72% (SD: 0.17) of the sequences carried the expected tag combinations (range 99.22-99.96%) (Table S3 ).
The Tagsteady protocol routinely yielded a ligation efficiency high enough to provide ready-to-sequence libraries of 30 μl at 10-15 nM for amplicon pools in which the tagged primers did not have 5' Ns added to increase complexity on the flow cell. For amplicon pools in which a number of random nucleotides (Ns) were added to the 5' ends of primers to increase complexity on the flow cell, the ligation efficiency, and thereby the concentration of the final libraries, was lower (the lowest ca. 1 nM). The cause of the low ligation efficiency was most likely due to a high proportion of sequences with non-complementary 'flapping' ends that prohibited adapter ligation.
Discussion
In this study, we presented and validated 'Tagsteady', a library preparation protocol for preparation of tagged amplicon pools for Illumina sequencing, and demonstrated that it can be used to practically eliminate tag-jumps.
Further, we found that post-ligation PCR significantly increased tag-jump prevalence and that T4 DNA Polymerase blunt-ending caused high levels of tag-jumps if amplicon pools had high amounts of hybrids of differently tagged single-stranded amplicons (Fig. 3) .
The use of the Tagsteady protocol yielded libraries with an average of 99.72 % (SD: 0.17) of sequences carrying the expected tag combinations (Table S3 ). All, or at least some, of these low levels of tag-jumps could be caused by sequencing errors in the tags (Coissac 2012) or tagged primer cross-contamination arising during synthesis and resuspension and during PCR reaction setup of tagged metabarcoding primers (see e.g. Kircher, Sawyer, and Meyer 2012) . Consequently, we regard such low levels of background contamination to be unavoidable. Additionally, we note that it is possible to add internal controls to monitor the levels of such contamination through the inclusion of a few amplicons carrying unique forward and reverse tags, i.e. twin-tagged amplicons carrying tags not used on other amplicons in the amplicon pool.
When including post-ligation PCR, we found a high amount of sequences carrying tag-jumps (average of 22.7 and 23.0% for +/+ and -/+, respectively) compared to the findings of Schnell et al. 2015 , who found an average of 3% of total sequences within amplicon pools to carry tag-jumps. This discrepancy between the two studies could be a result of different factors that can affect chimera levels in the post-ligation PCR, such as DNA template and primer concentration, PCR cycle number, and sequence similarity (e.g. Judo, Wedel, and Wilson 1998; Smyth et al. 2010 ) . This range highlights the unreliability of a post-ligation PCR in metabarcoding studies and the importance of refining post-ligation PCR parameters to decrease the likelihood of chimera formation -or better yet, to completely omit the post-ligation PCR step.
Post-ligation PCR commonly serves two purposes, namely library enrichment and/or indexing of libraries (see e.g. Meyer and Kircher 2010) . However, given that pools of tagged amplicons will contain high enough amounts of DNA to reach sufficient DNA concentration for sequencing and that indices can be added directly to 10/20 the sequencing adapters, the post-ligation PCR step can be omitted when building libraries of pools of tagged amplicons, which we have demonstrated in the present protocol.
It should be noted that van Orsouw (2007) succeeded in using post-ligation in-solution PCR (required for the 454 platform) with no resulting tag-jumps on the 454 sequencing platform. However, this can be explained by their use of emulsion PCR, which prevents chimera formation, and therefore prevents tag-jumps. Although emulsion PCR could be used for post-ligation PCR in Illumina-based metabarcoding studies, it is not required given the aforementioned vast amounts of input material available for library preparation and the availability of PCR-free sequence adapters. Moreover, it adds to the cost and workload of library preparation.
As opposed to previous studies that demonstrated that T4 DNA Polymerase blunt-ending affects tag-jump prevalence (van Orsouw et al. 2007 ), we did not initially see an effect of blunt-ending ( Figure 3 ). However, when subsequently building libraries on amplicon pools with high levels of hybrids of differently tagged single-stranded amplicons, we showed that the amount of single-stranded products in the metabarcoding PCR had been limiting our blunt-ending induced tag-jump amounts (Figure 3 ). This means that tag-jumps caused by blunt-ending can be reduced by refining PCR conditions to minimise the amount of single-stranded amplicons. For example, by keeping PCR cycle numbers at a minimum to avoid that it runs to completion. Other measures could be to ensure that forward and reverse primer concentrations are equimolar within each reaction and to ensure that their annealing temperatures are the same. All the amplicon pools used in this study were created using a relatively high concentration of metabarcoding primers and a limited number of cycles in the metabarcoding PCR to prevent the PCR reaction from plateauing (see Bohmann et al. 2018 ) . This would have prevented depletion of available free primers, thereby minimizing the amount of single-stranded DNA and reducing blunt-ending induced tag-jump levels. Thus, it cannot be ruled out that with other metabarcoding PCR conditions we would have seen higher amounts of tag-jumps with the library protocol treatments that included T4 DNA Polymerase blunt-ending (+/-and+/+). However, here we show that the Tagsteady protocol enables practitioners to omit T4 DNA Polymerase blunt-ending and thereby circumvent the problem of tag-jumps caused by single-stranded amplicons. Importantly, the Tagsteady protocol makes metabarcoding studies more cost-effective. First of all, a clear advantage of the virtually tag-jump free Tagsteady protocol, is that it allows practitioners to freely combine their tagged forward and reverse metabarcoding primers when carrying out metabarcoding PCRs. That is, where it was previously recommended to account for tag-jumps in the experimental setup through twin-tagging of amplicons, i.e. using of forward and reverse primers carrying matching tags, F1-R1, F2-R2, etc. (Schnell, Bohmann, and Gilbert 2015) a higher number of tag combinations can be made with the same number of tagged forward and reverse primers, which also means that fewer library preparations have to be made. Additionally, it will be less costly to buy primers as fewer tagged versions of each metabarcoding primer set have to be bought (Schnell, Bohmann, and Gilbert 2015) . Further, as sequencing capacity will not be wasted on sequences carrying tag-jumps (here shown to be up to ca. 49 % of total sequences), the Tagsteady protocol makes sequencing more cost-effective. Lastly, to further reduce cost and workload, we designed the Tagsteady protocol as a single-tube library preparation protocol in which inter-reaction purification steps are omitted.
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The Tagsteady protocol has a reasonably high ligation efficiency, routinely yielding a practical ligation efficiency of ~20-30% and ready-to-sequence amplicon libraries of 30 μl at 10-15 nM. It should, however, be noted that the ligation efficiency was greatly reduced when using the Tagsteady protocol to build libraries on amplicons to which random nucleotides (Ns) were added to the 5' end of tags to increase complexity on the flow-cell.
Therefore, when using the Tagsteady protocol, if nucleotides are added to the 5' end of tags to increase complexity, then they should not be random (N's). Rather, they should be ordered as specific nucleotides.
We applied the Tagsteady protocol to metabarcoding of eukaryotes in environmental samples. However, the protocol is applicable to amplicon library preparation of pools of other types of nucleotide tagged amplicons such as in 16S microbial studies (Caporaso et al. 2012) , antibody sequencing (Menzel et al. 2014 ) and other gene targeted approaches where many sample DNA extracts are PCR amplified with 5' tagged primers and pooled before Illumina library preparation. Further, while the Tagsteady protocol is designed for Illumina sequencing, it can be customised to other similar next-generation sequencing platforms, such as the Ion Torrent, by replacing Illumina adapters with appropriate sequencing platform specific adapters.
Conclusion
The Tagsteady protocol is a fast, efficient and low-cost Illumina library preparation protocol for pools of 5' nucleotide tagged amplicons that enables generation of metabarcoding data with correct assignments of sequences to samples, regardless of the extent of single-stranded DNA produced in the metabarcoding PCR.
We found that including T4 DNA Polymerase blunt-ending and/or post-ligation PCR in library preparation of pools of tagged amplicons can generate high amounts of false assignment of sequences to samples (tag-jumps), in this study up to ca. 49% of sequences within amplicon pools that had undergone post-ligation PCR carried tag-jumps. This highlights the fact that artefacts during library building for second generation sequencing can be detrimental to metabarcoding studies. We therefore encourage metabarcoding practitioners to avoid blunt-ending and post-ligation PCR during library preparation of amplicon pools consisting of 5' tagged amplicons, e.g. through the use of the Tagsteady library preparation protocol. We advocate that commercial library kits designed for general shotgun sequencing libraries of genomic DNA are avoided for preparation of amplicon libraries as these will likely contain a T4 DNA Polymerase or a similar enzyme for end-repair, which could result in tag-jumps. If blunt-ending and post-ligation PCR cannot be avoided, for instance, if metabarcoding amplicons are sent for library preparation and sequencing at a commercial provider, we strongly advise to account for tag-jumps through the use of unique twin-tagged amplicons. Following pooling of PCR reactions, differently tagged single-stranded amplicons can form heteroduplexes with 17/20 non-complementary tag overhangs. 2) In a typical 'shotgun' Illumina library protocol (left), T4 DNA polymerase is used for blunt-ending, T4 PNK for 5' phosphorylation and Taq polymerase for 3' adenylation. In this type of end-repair, 3' overhangs (in heteroduplexes) will become substrate for the 3'→5' exonuclease activity of T4 DNA Polymerase. The opposite strand, the 5' overhangs (i.e. the inherent tag), will then act as a template for extension, causing the tag to 'jump' from one strand to the other (asterisk) (see van Orsouw et al. 2007; Schnell, Bohmann, and Gilbert 2015) . The Tagsteady end-repair (right) only contains T4 PNK and Klenow exo-(thus no exonuclease activity) and therefore tag-jumps cannot arise. 3) After end repair, T4 DNA Ligase is used to ligate Illumina sequencing adapters (here depicted as Illumina Y-shaped adapters). 4) Often post-ligation PCR is carried out, causing further tag-jumps as a result of incomplete primer extension. Post-ligation PCR is not necessary with the Tagsteady protocol as it uses PCR-free full length adapters. 5) Sequencing of libraries on an Illumina sequencing platform. 6) Following initial sequence read processing, sequences within each amplicon library are sorted according to primer and tag sequences to assess levels of sequences carrying new combinations of used tags (tag-jumps). tag-jumps, we denatured and re-hybridised four amplicon pools (16sMam1/2 and 16sIns1/2). 2B) End-repair was carried out with and without T4 DNA Polymerase blunt-ending and with no post-ligation PCR (2C). 3) Finally, to validate the robustness and stability of the Tagsteady protocol, we applied it to 15 pools of twin-tagged amplicons. Tag combinations where only one of the tags was used in the amplicon pool 0.0004 -0.0030 0.001 0.0015 ± 0.0009
Tag combinations where neither tag was used in the amplicon pool 0.0000 -0.0017 0.000 0.0002 ± 0.0004
